Mucus is a highly hydrated viscoelastic gel present on various moist surfaces in our body including the eyes, nasal cavity, mouth, gastrointestinal, respiratory and reproductive tracts. It serves as a very efficient barrier that prevents harmful particles, viruses and bacteria from entering the human body. However, the protective function of the mucus also hampers the diffusion of drugs and nanomedicines, which dramatically reduces their efficiency. Functionalisation of nanoparticles with low molecular weight poly(ethylene glycol) (PEGylation) is one of the strategies to enhance their penetration through mucus. Recently a number of other polymers were explored as alternatives to PEGylation. These alternatives include poly(2-alkyl-2-oxazolines), polysarcosine, poly(vinyl alcohol), other hydroxyl-containing non-ionic water-soluble polymers, zwitterionic polymers (polybetaines) and mucolytic enzymes. This review discusses the studies reporting the use of these polymers or potential application to facilitate mucus permeation of nanoparticles.
Introduction
Drug delivery via mucosal routes offers numerous advantages, including improved drug bioavailability, ease of administration and possibility for quick therapy termination [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Transmucosal delivery is less invasive compared to injections and this often helps improve patient compliance. Mucosal routes of drug administration currently used include ocular, nasal, oromucosal, pulmonary, gastrointestinal, vaginal, rectal and intravesical. Some of these routes offer a possibility of targeting particular organs. For example, topical administration to the eye allows targeting some intraocular tissues [12, 13] ; nasal administration provides a direct access to the central nervous system [14, 15] ; and intravesical administration gives a possibility to reach the urinary bladder [16, 17] .
Mucosal membranes covering the moist surfaces in the human body have numerous roles and functions, including protection of cellular epithelia from chemical and mechanical damage. They also provide lubrication and regulate moisture content in the underlying tissues, and prevent penetration of various environmental particles, viruses and bacteria [1, 2, 7] . In the stomach the mucus gel plays an important role in protecting the epithelium from acid self-digestion [18] and also facilitates the transport of undigested boluses of food by its lubrication. In the intestinal tract the mucus gel serves as a medium for colonisation by "healthy" bacteria such as probiotics while acting as a barrier for pathogenic bacteria [19] . In the female reproductive tract the cervicovaginal mucin secretions limit the mobility of sperm outside the ovulatory phase but before ovulation the mucus becomes thinner and more permeable [20] .
The mucus gel layer covering the surfaces of mucosal membranes is a dynamic system that is continuously reformed through secretion of mucins by the goblet cells. The life-time of a mucus gel layer is typically very short and varies in different parts of the human body. For example, in the eye it is around 5.0-7.7 min; in the respiratory tract it is 10-20 min and in the gastrointestinal tract it is 4-6 h [21] . The protective function of the mucus also hampers the diffusion of drugs and nanomedicines, which dramatically reduces their efficiency [22, 23] .
The ability of different materials, such as some polymers, to adhere and retain on the surface of mucosal membranes has been often utilised in transmucosal delivery to improve drug bioavailability [1, 2, 24] . Examples of successful commercial applications of mucoadhesive formulations include Buccastem buccal tablets (Reckitt Benckiser) for the treatment of nausea and vomiting; AzaSite® ophthalmic solution (InSite Vision) for the treatment of bacterial conjunctivitis; Sinol-M (Sinol USA, Inc.) spray for the relief of nasal allergies; and NyQuil® cough relief syrup (Procter & Gamble). However, despite the numerous advances in the area of transmucosal drug delivery, there are a number of factors that limit further developments and efficiency of novel systems. The short life-time and fast clearance of mucus do not allow many dosage forms to retain on mucosal surfaces to provide sustained drug delivery and the sticky and viscoelastic nature of mucus prevents drug molecules and especially nano-carriers from reaching the epithelial cells.
The development of systems facilitating the efficient diffusion of active ingredients through the mucus is important in drug delivery to the airways [25] . The efficient diffusion of drug and gene delivery systems through the mucus in the airways may lead to a breakthrough in the treatment of cystic fibrosis, one of the life-threatening inherited conditions, that causes the body to produce excessive quantities of thick mucus that blocks the lungs, affects the digestive tract and some other organs or functions [26, 27] . The development of nanomedicines capable of "slipping" through the mucus will also be of immense benefit for the treatment of patients suffering from various forms of nasal disorders such as excessive mucus secretion, congestion and obstruction caused by allergic rhinitis. Another relevant therapeutic area is the drug delivery to the vagina, where there is an urgent need in the development of novel and efficient microbicides that are promising for preventing transmission of HIV and other sexually transmitted pathogens [20] . Vaginal microbicides with excellent diffusive characteristics are expected to demonstrate significantly higher efficiency [28] . Efficient mucus penetration is also beneficial for drug delivery in the gastrointestinal tract, for example, for potential eradication of Helicobacter pylori infections [29] .
A major breakthrough in the enhancement of diffusivity of nanomaterials through mucus has been reported by the group of Hanes [30] [31] [32] [33] [34] . In a series of studies they demonstrated that 220 nm carboxylated polystyrene nanoparticles, that exhibit poor ability to diffuse in mucus, can be functionalised with low molecular weight poly(ethyleneglycol) (PEG), which efficiently enhances their penetration ability. The PEGylated nanoparticles have hydrophilic and near neutrally-charged surfaces that reduce mucoadhesion by preventing hydrophobic or electrostatic interactions, which mimics the ability of pathogenic microorganisms to slip through mucus. Additionally, depending on the molecular weight (Mw) of PEG, the nanoparticles can be made mucus-penetrating (when Mw is 2000 Da) or mucoadhesive (when Mw is 10,000 Da) [30] . More recently, Hanes et al. [35] also demonstrated that densely-grafted PEG of 10-40 kDa can also enhance nanoparticle diffusion through human cervicovaginal mucus ex vivo and through mouse colorectal and vaginal epithelium in vivo. Many other studies demonstrated the use of PEGylation to enhance mucus and other tissue penetration to facilitate drug delivery to the lung [36] , the gastrointestinal tract [37, 38] and the eye [39] [40] [41] . Fig. 1 illustrates the concept of enhanced penetration of nanoparticles coated with inert polymers such as low molecular weight PEG or potentially any other non-mucoadhesive macromolecules. The mucoadhesive particles will typically stick to the components of mucus gel and will show lower potential for penetration, whereas non-mucoadhesive particles coated with inert polymers will be able to efficiently move through this barrier.
This review will consider different polymer systems, other than PEG, that could also be used to functionalise nanoparticles and to facilitate their penetration through mucus. These include poly(2-oxazolines), polysarcosine, poly(vinyl alcohol), other hydroxyl-containing polymers, zwitterionic polymers (polybetaines) and proteolytic enzymes. Some other approaches to enhance penetration through mucus involving absorption of bile acids on particle surfaces [42] , or application of selfnanoemulsifying drug delivery systems [43] or development of nanoparticles with a near-neutral surface via interpolyelectrolyte complexation [44] are not discussed in this review.
New polymers for developing mucus-penetrating nanoparticles

Poly(2-alkyl-2-oxazolines)
Poly(2-alkyl-2-oxazolines) (POZ) are a class of polymers with polypeptide-isomeric structures that have recently attracted a lot of attention as materials for biomedical applications [45] [46] [47] . The synthesis of these materials was first reported in the 1960s using cationic ring-opening polymerisation of different 2-oxazoline derivatives (Fig. 2) . In recent years, poly(2-alkyl-2-oxazolines) were recognised as nontoxic and biocompatible materials with excellent "stealth" behaviour similar to PEG [45] . Methyl-, ethyl and n-propyl derivatives of POZ are soluble in water; PEOZ and PNPOZ exhibit lower critical solution temperature (LCST) in aqueous solutions at around 61-64°C and 25-25°C, respectively. Poly(2-alkyl-2-oxazolines) are not currently FDA approved; however, their extensive research for pharmaceutical applications may facilitate their regulatory clearance within the next few years [48] . In fact, some poly(2-ethyl-2-oxazoline)-containing formulations are currently undergoing clinical trials [49] .
Mansfield et al. [50, 51] reported the development of thiolated silica nanoparticles, their functionalisation with poly(2-methyl-2-oxazoline) (PMOZ), poly(2-ethyl-2-oxazoline) (PEOZ), and poly(2-n-propyl-2-oxazoline) (PNPOZ), in vitro diffusion studies in porcine gastric mucin dispersions, and ex vivo diffusion studies into porcine gastric mucus. Thiolated silica nanoparticles were synthesised by self-condensation of 3-mercaptopropyltrimethoxysilane (MPTS) in dimethylsulfoxide in the presence of atmospheric oxygen to mediate their partial crosslinking via disulfide bridging [52] . The presence of thiol groups on the surface of these nanoparticles ensured their excellent mucoadhesive properties [52, 53] and also provided opportunity for their surface PEGylation and POZylation by reactions with maleimide-terminated PEG and alkyne-terminated POZ. Mansfield et al. [50, 51] studied the diffusion of these nanoparticles first in porcine gastric mucin dispersions using nanoparticle tracking analysis, and then evaluated their penetration into freshly excised porcine stomach mucosa. Fig. 3 shows the diffusion coefficients of the nanoparticles in porcine gastric mucin and average distances travelled by the nanoparticles through mucus gel.
Both techniques demonstrated poor diffusivity of thiolated nanoparticles, which is consistent with their excellent mucoadhesive properties. The nanoparticles functionalised with PMOZ exhibited excellent mobility in the mucus, which was even superior to a PEGylated sample of similar size. The nanoparticles with a PEOZ surface were also significantly more diffusive compared to the thiolated sample, but the ability of PEOZ to facilitate diffusion in the mucus was lower than what was recorded for PMOZ. The nanoparticles with a PNPOZ surface did not show a significant difference in diffusion coefficient to the thiolated silica particles; however there was a significant difference in their penetration through gastric mucosa at longer time periods. Mansfield et al. [50] related these observations to the changes in the hydrophobic-hydrophilic balance of poly(2-oxazolines): more hydrophilic polymers exhibited better ability to enhance mucus penetration.
Polypeptides and polypeptoids
Synthetic polypeptides and polypeptoids (Fig. 4 ) are biodegradable biopolymers with structures mimicking natural proteins [54] . Polypeptoids are a class of pseudo-peptidic polymers that have an aliphatic polyamide backbone with some substitution on the nitrogen atoms [55] .
Polysarcosine (poly(N-methylglycine)) is a non-ionic water-soluble and biocompatible polypeptoid that has been explored for functionalisation of surfaces and nanoparticles for application in biomedicine [56, 57] . Lau et al. [58] demonstrated that surface-grafted polysarcosine (PS) brushes exhibit excellent resistance to nonspecific protein adsorption and cell attachment. Although there are currently no reports on the use of PS or any other polypeptoids for particle functionalisation to facilitate their diffusion through mucus, these materials are believed to be promising for application in transmucosal drug delivery.
Poly(vinyl alcohol)
Poly(vinyl alcohol) (PVA) is a non-ionic water-soluble polymer that has widely been used as a component of biomaterials and various drug delivery systems [59] [60] [61] [62] [63] [64] . PVA often exhibits surface-active properties, making this polymer suitable as an emulsifier for stabilising various colloidal systems [65, 66] .
PVA cannot be synthesised by direct polymerisation of vinyl alcohol because of the unstable nature of this monomer [67] ; instead this polymer is typically synthesised by polymerisation of poly(vinyl acetate), with its subsequent hydrolysis (saponification) to form poly(vinyl alcohol) (Fig. 5) . By this reason, PVA often contains residual vinyl acetate groups that greatly influence its physicochemical properties.
Another important feature of PVA is its semi-crystalline nature, which affects its solubility in water. PVA with larger molecular weights and higher degrees of crystallinity can be dissolved in water only upon heating to above 80-85°C to disrupt strong intermolecular hydrogen bonding and crystallinity in solid polymer; subsequent cooling to a room temperature results in formation of stable aqueous solutions. Freezing aqueous solutions containing PVA and their subsequent thawing often results in formation of physically cross-linked cryogels, which could be used in drug delivery [68] , biomaterials [69] and wound care [70] . PVA is a biocompatible and bioinert material, which makes this polymer highly suitable for many biomedical applications. Yang et al. [71] evaluated the diffusion of 200 nm carboxylated polystyrene nanoparticles coated with 2 kDa, 6 kDa, 25 kDa and 78 kDa PVA through human cervicovaginal mucus. They also compared the behaviour of these particles with PEGylated polystyrene and PEGylated poly(lactide-co-glycolide) (PLGA) particles. They established that coating of carboxylated polystyrene nanoparticles with PVA of different molecular weights did not provide any improvement in their mucus diffusivity: there was no statistically significant difference between the mobility of carboxylated polystyrene and the nanoparticles coated with various grades of PVA in the mucus. Both carboxylated polystyrene and PVA-coated nanoparticles remained relatively immobile in the mucus, contrary to excellent diffusion properties of PEGylated nanoparticles of similar size. The authors have also evaluated the effect of PVA on mucus penetration properties of PEGylated PLGA nanoparticles. The deposition of PVA on the surface of PEGylated PLGA dramatically reduced their mucus penetration ability. The authors concluded that PVA exhibits mucoadhesive properties regardless of its molecular weight; these properties are likely to be due to the ability of this polymer to form hydrogen bonds and hydrophobic contacts with the components of the mucus gel. They also demonstrated that the degree of PVA deacetylation has a strong effect on the diffusivity of PVA-coated particles in the mucus. Polystyrene nanoparticles coated with 25 kDa 98% hydrolysed PVA were found to show greater mucus diffusivity compared to 25 kDa 88% hydrolysed PVA.
More recently, Popov et al. [72] reported a more detailed ex vivo study exploring the effect of 10 different grades of PVA on the diffusivity of carboxylated polystyrene and polylactide (PLA) nanoparticles in ovulatory human cervicovaginal mucus. They prepared polystyrene particles coated with PVA by incubation of carboxylated polystyrene particles in PVA solutions (0.4-0.5% w/w) in deionised water for 24 h at room temperature. The PVA-coated PLA nanoparticles were prepared by emulsification-evaporation procedure involving dissolution of PLA in dichloromethane, its emulsification in aqueous solution of PVA, sonication and subsequent rotary evaporation. It was established that some nanoparticles coated with PVA exhibited excellent ability to move through cervicovaginal mucus similarly to control PEGylated polystyrene particles; whereas other samples were mostly immobilised in the mucus. Fig. 6 shows the map of the ability of PVA coated nanoparticles to exhibit mucus-penetration or mucoadhesion as a function of PVA molecular weight and degree of hydrolysis. The PVAs with the degree of hydrolysis N90% were found to be mucoadhesive and the PVAs containing a greater number of residual vinyl acetate groups exhibited mucus penetration character. The authors related this observation to the relatively hydrophobic properties of vinyl acetate that provide a better shielding effect, which prevents this polymer from hydrogen bonding with mucins. It should be noted that the results of Popov et al. [72] contradict some of the findings reported by Yang et al. [71] . Popov et al. [72] explained this discrepancy by the difference in the particle purification protocols used resulting in a different density of PVA coating.
More studies will be necessary to evaluate the mucus-penetrating potential of PVA. These studies should include different mucosal routes and should also use better defined PVA samples. Some methods for the synthesis of well-defined PVA were developed [73, 74] , which could be useful for producing PVA samples with controlled molecular weights and polydispersities.
Other polymers with hydroxyl side groups
Poly-(N-(2-hydroxypropyl)methacrylamide) (PHPMA) is another water-soluble polymer that was first synthesized by Kopeček et al. in 1973 and was extensively studied for various biomedical applications ( Fig. 7) [75] . PHPMA can be easily synthesised using conventional free radical polymerisation, atom transfer radical polymerisation (ATRP), and reversible addition-fragmentation chain transfer (RAFT) polymerisation of N-(2-hydroxypropyl)methacrylamide) [76] . The reactive hydroxyl group present in PHPMA can be subsequently exploited for further polymer functionalisation by conjugation with drugs, fluorescent labels, and other useful functional molecules. PHPMA has a number of advantages over PEG, as it does not show dose-dependent immunoresponses, rapid clearance after repeated injections, and potential oxidation. PHPMA also exhibits "stealth" properties similar to PEG [77, 78] . PHPMA has found applications for development of polymerdrug and polymer-protein conjugates, self-assembled nanoparticles, hydrogels and other systems [75, 76] .
Shan et al. [79] reported the development of self-assembled nanoparticles with excellent mucus permeating properties for oral delivery of insulin. The nanoparticles were prepared by mixing the aqueous solutions of insulin with penetratin, a polycationic peptide with cell-penetrating properties. The positively-charged nanocomplexes formed were then added to the solutions of negatively-charged HPMA copolymers with N-methacryloylglycilglycine (MAGG) of different HPMA:MAGG compositions (Fig. 7) . This has resulted in the deposition of HPMA-MAGG macromolecules on the surface of nanocomplexes and formation of PHPMA-based coating. Formation of this PHPMA-coating has resulted in the increase in the particle size from the original 148 nm to approximately 175 nm. The nanoparticles were tested for their permeation through porcine intestinal mucus mounted between semipermeable membranes using an Ussing diffusion chamber. Additionally, the diffusivity of nanoparticles was also evaluated using the multiple-particle tracking (MPT) method. The nanoparticles coated with less negatively charged HPMA-MAGG copolymers (containing lower quantities of MAGG) demonstrated better ability to diffuse through the mucus. The extra advantage of this system is the detachment of HPMA-MAGG macromolecules in the mucus and release of insulin nanocomplexes with a penetratin-functionalised surface, which facilitates their subsequent penetration into cells. These nanoparticles exhibited 20-fold greater absorption by mucus-secreting epithelium cells compared to free insulin and generated a substantial hypoglycemic response when orally administered in diabetic rats.
More recently, Liu et al. [80] reported a similar study, where insulin was incorporated into the core nanocomplex particles formed by trimethylchitosan and tripolyphosphate, which were subsequently coated with an HPMA:MAGG (80:20%) copolymer. The diffusion of the resulting nanoparticles through human cervicovaginal mucus was studied using the MPT method and an Ussing chamber, similar to [79] . The ensemble-averaged mean squared displacement (bMSDN) values determined using the MPT technique for the diffusion in the mucus were found to be 9.6-fold greater for the nanoparticles coated with HPMA:MAGG compared to uncoated particles. The apparent permeability coefficient of the nanoparticles coated with HPMA:MAGG was also 4.56-fold greater than for the core trimethylchitosan-tripolyphosphate nanoparticles, when estimated in a diffusion experiment using an Ussing chamber. Both types of nanoparticles (coated and uncoated) were studied in vivo using diabetic rats. An oral administration of the nanoparticles with insulin demonstrated an advantage in reducing blood glucose levels compared to free insulin solutions. The nanoparticles coated with HPMA:MAGG provided a larger relative bioavailability of 8.56% compared to 3.09% observed for uncoated particles at the dose of 50 IU/kg.
In a subsequent study, Liu et al. [81] explored the role of HPMA:MAGG molecular weight ranging within 17 to 120 kDa in the diffusion through mucus and epithelial cells. They used core-particles reported in [80] and coated them with HPMA:MAGG of different molecular weights. The nanoparticles coated with 17 kDa HPMA:MAGG exhibited better permeability through mucus and the highest stability. However, the best molecular weight of HPMA:MAGG to promote cell uptake was 26 kDa.
Other hydrophilic polymers containing pendant hydroxyl groups are poly(2-hydroxyethylmethacrylate) (PHEMA) and poly(2-hydroxyethylacrylate) (PHEA) (Fig. 7) . PHEMA is a well-established hydrophilic polymer widely used for biomedical applications. The main areas of PHEMA applications include soft contact lenses, drug delivery devices and dental composites [82] . Although a 2-hydroxyethylmethacrylate monomer is fully soluble in water, its linear polymer is insufficiently hydrophilic and swells in water to produce a gel. PHEA is more hydrophilic than PHEMA and it is fully soluble in water. To the best of our knowledge, there are currently no studies on the use of either PHEMA or PHEA to modify nanoparticle surfaces to facilitate their penetration through mucus. However, a recent study of the behaviour of HEMA:HEA copolymeric hydrogels in solutions of lysozyme indicated that the copolymers containing higher levels of HEA have a greater resistance to protein deposition [83] . This indicates that more hydrophilic PHEA will possibly be another mucus-inert polymer that should facilitate penetration of PHEA-decorated nanoparticles through mucosal surfaces. Recent advances in controlled (co)polymerization of both 2-hydroxyethylmethacrylate and 2-hydroxyethylacrylate using ATRP [84] , nitroxide-mediated radical polymerization [85] and RAFT techniques [86] can provide these polymers with various well-defined architectures and low molecular weights required for the design of mucus-penetrating nanoparticles.
Polyglycidols (PGs) are hydrophilic aliphatic polyether polyols that can potentially be synthesised with both branched and linear architectures (Fig. 8 ) [87] . These materials were found to be highly biocompatible in a variety of both in vitro and in vivo assays [88] . In a study of protein adsorption, PG monolayers were found to be resistant similarly to PEG and are significantly better than dextran [89] . PGs were also considered as a potential alternative to PEG to protect surfaces of nanoparticles and ensure their "stealth" character [90] .
Some polysaccharides such as low molecular weight dextran can also be expected to exhibit mucus-inert properties. Dextran is often used as a negative control in the studies of liquid and semisolid formulations due to its poor mucoadhesive properties [91, 92] . There are also reports on improved nanoparticles' mobility in the mucus, mediated by guluronate oligomers prepared by acid hydrolysis of alginates [93] .
Zwitterionic polymers
Zwitterionic polymers or polybetaines are defined as materials, whose macromolecules have both anionic and cationic groups within their repeating unit [94] [95] [96] . Zwitterionic polymers have numerous technical applications including ion exchange raisins, chelators for water purification, sewage treatment, soil conditioning, reinforcement of paper, pigment retention, and formulation in shampoos and hair conditioners [94] . Due to excellent biocompatibility, a bioinert nature and hydrophilicity some polybetaines have found applications as coatings for biomedical devices, drug delivery systems, and bioconjugates [95] . Fig. 9 schematically shows various potential structures for polybetaines. Depending on the nature of ionic groups, polybetaines may be classified into polycarboxybetaines, polysulfobetaines, and polyphosphobetaines.
There are a number of studies demonstrating that polybetaines have a "stealth" character and can greatly reduce non-specific protein adsorption, bacterial adhesion and biofilm formation [90] . For example, Yang et al. [97] demonstrated that the nanoparticles coated with zwitterionic poly(carboxybetaine acrylamide) exhibit excellent stability in undiluted human blood serum and have superior performance compared to PEGylated particles.
Shan et al. [98] reported the design of self-assembled nanoparticles decorated with zwitterionic groups derived from dilauroylphosphatidylcholine (DLPC). They studied the effect of DLPC coating on the mucus permeation, cellular uptake and in vivo efficacy in oral delivery of insulin. The nanoparticles were prepared by mixing porcine insulin, poly(lactic acid) (PLA) and DLPC in dimethylsulfoxide. This mixture was then added to deionised water to cause precipitation and formation of nanoparticles. They studied these nanoparticles in comparison with PLA coated with Pluronic F127 (to result in PEGylated surfaces) and PVA. Mucus permeation studies were performed using four different approaches -mucin affinity analysis, modified fluorescence recovery after photobleaching (FRAP) analysis, mucus diffusion analysis and small intestinal biodistribution study in vivo. Both DLPC-coated and PEGylated particles exhibited minimal interaction with purified porcine mucin; however, PVA-coated particles caused 10-fold greater aggregation in 0.1% mucin solution compared to DLPC-decorated particles. The FRAP analysis also demonstrated greater mobility of DLPC-coated and PEGylated particles compared to PVA-coated ones. The experiment on mucus diffusion estimated the apparent permeability coefficient of the nanoparticles and revealed a 6.3-fold greater diffusivity of the DLPC-coated system compared to the particles coated with PVA. In vivo biodistribution study performed in mice indicated that PVA-coated nanoparticles covered only 32.3 ± 4.2% of the intestinal epithelium surface; whereas DLPCdecorated and PEGylated particles gave 69.0 ± 4.6% and 73.0 ± 5.0% surface coverage, respectively. Excellent diffusivity of the nanoparticles through mucus provided better intestinal distribution to ensure good therapeutic efficiency. The nanoparticles with zwitterionic surfaces also exhibited greater cellular uptake, which was more efficient than for PEGylated particles. In vivo oral administration of insulinloaded zwitterionic nanoparticles in diabetic rats resulted in a greater bioavailability compared to PEGylated and PVA-decorated nanoparticles as well as free insulin.
Nanoparticles decorated with proteolytic enzymes
Nanoparticles with enhanced mucus-penetrating properties could be designed not only using mucus-inert polymers but also active functional moieties, for example, mucolytic enzymes. Bernkop-Schnürch and co-workers [99] developed nanoparticles functionalised with papain, an enzyme with mucolytic activity. Papain was covalently linked to poly(acrylic acid) and calcium chloride solution was then added dropwise to the resulting enzyme-polymer conjugate to form nanoparticles as shown in Fig. 10 .
The resulting nanoparticles were 190-230 nm and had a negative zeta potential. For the mucus diffusion studies these nanoparticles were also loaded with fluorescein diacetate as a fluorescent marker. The rheological measurements indicated that the nanoparticles added to porcine intestinal mucus lead to a significant loss of its viscoelastic properties. The parent PAA without papain did not cause this dramatic reduction in mucus relative viscosity. The in vitro diffusion of the nanoparticles was studied using modified Transwell-Snapwell diffusion chambers and these experiments demonstrated that the nanoparticles formed by papain-polymer conjugates have a 3.0-fold greater diffusivity compared to the particles formed by the parent poly(acrylic acid). These nanoparticles together with several controls were encapsulated into enterically-coated microcapsules and studied in in vivo experiments in rats using oral dosing. It was demonstrated that the nanoparticles with conjugated papain had a greater penetration through the mucus layer of proximal segments of the intestinal tract. In a subsequent study Bernkop-Schnürch and co-workers [100] have reported a comparison between the nanoparticles formed by poly(acrylic acid) conjugated with papain and bromelain. These studied the diffusivity of both types of nanoparticles and control samples in vitro using the rotating tube technique [101] and also pulsed-gradient spinecho NMR spectroscopy [102] . The nanoparticles decorated with proteolytic enzymes exhibited greater mucus permeation compared to the particles formed by parent poly(acrylic acid) and bromelaindecorated particles were found to be more efficient than the particles with papain.
Comparison of different systems
Different polymer and biopolymer systems were considered in the previous sections as potential materials for surface modification of nanoparticles to facilitate their mucus penetration. This section will present a comparison of these materials and will discuss their advantages and disadvantages (Table 1) .
Conclusions
PEGylated nanoparticles have been exploited as a potential strategy to facilitate diffusion through mucosal barriers. Excellent biocompatibility, mucus inert nature and stealth character of PEGs ensure their application in the design of mucus-penetrating particles. Recent advances in the synthetic polymer and colloidal chemistry identified a number of water-soluble polymers that could be used as alternatives to PEGs. Some classes of polymers such as poly(2-alkyl-2-oxazolines), poly(vinyl alcohols), other hydroxyl containing polymers and polybetaines have been explored in their potential to facilitate diffusion through mucosal barriers. Some other materials such as polysarcosine, poly(2-hydroxyethyl(meth)acrylates) and polyglycydol could potentially be explored for this application. There are still relatively few studies on the use of these polymers in the design of nanoparticles with enhanced mucus penetration. In some of these studies polymers were physically bound to particle surfaces to facilitate their diffusion (some of these macromolecules were even able to detach from the particles during their transit through the mucus); other reports describe chemical conjugation strategies in the design of mucus-penetrating systems. The general features of mucus-inert polymers suitable for the design of mucus-penetrating particles are their relatively low molecular weight, highly hydrophilic and non-charged nature. These polymers must be either fully non-ionic or should have a fully balanced number of positively and negatively-charged groups as in zwitterions. Methods of controlled polymerization developed in recent years could help in the synthesis of well-defined mucus-inert polymers with low molecular weight and narrow polydispersity, which will facilitate the design of advanced mucus-penetrating drug delivery systems.
In addition to mucus-inert polymers used for functionalisation of nanoparticles, other strategies could be used to enhance their penetration through mucosal barriers. One of the strategies is the application of mucolytic enzymes.
It should also be noted that different research groups use a variety of techniques and mucus samples to study nanoparticle diffusion. The difference in these approaches may also affect the results greatly, and the direct comparison between the polymers that provide mucus-penetrating properties is often difficult. [50, 51] A facile synthesis; possibility for further functionalisation [45] ; a high degree of renal clearance with no bioaccumulation [106] ; and improved stability against oxidative degradation [105] .
Not approved by FDA yet PS a "Stealth" properties analogous to PEG (i.e., long circulation times and limited nonspecific organ uptake) [55] Only few studies reporting the biomedical applications of PS PVA [71, 72] Generally Recognised as Safe (GRAS) by the FDA and approved for many pharmaceutical applications [72] ; excellent surface-active properties and good track record of applications as a stabilizer and emulsifier Strong dependence of physicochemical and biological properties on the degree of deacetylation PHPMA [79] [80] [81] Widely explored as a carrier for anticancer agents with several products currently progressing through clinical trials [107] Non-biodegradable nature of this polymer and its derivatives may limit some clinical applications [108] ; relatively expensive polymer compared to PEGs PHEMA and PHEA a Excellent biocompatibility of PHEMA with a proven non-irritation potential for mucosal tissues (e.g. application in contact lens industry) [64, 82] .
PHEMA is relatively hydrophobic and is not soluble in water. This may hamper diffusion of PHEMA decorated nanoparticles through mucus. Lack of biomedical studies involving PHEA PGs a Less susceptible to oxidation or thermal stress than PEG [89] . Only a few studies reporting the use of PGs in drug delivery [109] . Zwitterionic polymers [98] These materials bind water molecules stronger than conventional water-soluble polymers such as PEG; they provide electrostatically induced hydration that prevents adsorption of proteins, cells, and bacteria on surfaces; poly(carboxy-betaine) has better chemical stability compared to PEG [110] Current lack of studies reporting the use of zwitterionic polymers in drug delivery Proteolytic enzymes [99, 100] Provides mucolytic effects in addition to enhancing mucus penetration Potential issues with product long term stability as enzymatic activity may decrease with time a No particle permeation studies reported.
